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This  is still qui te  a bit  larger  than  the  va lue  to be ex- 
pec ted  if the  cavi ty fluid could  be  r e m o v e d  (case a). 
F r o m  a pract ical  po in t  of  view, one wou ld  control  the  
rate of  c leaning  by exerc is ing  some control  over  the  char- 
acter is t ics  of  the brush  or je t -spray  appara tus  that  is typi- 
cally used  in surface cleaning.  As our  mode l  demon-  
strates, it is the  shear  stress exe r t ed  by the  brush-  or 
j e t -dr iven  flow across the cavi ty  surface that  affects the  
rate of r emova l  of  a contaminant .  This  shear  stress ap- 
pears  in the  mode l  only in the  Pec le t  n u m b e r  (Eq. [9]). 
Our  earl ier  work  (1) predic ts  that  in the  range of  Pec le t  
n u m b e r s  of  l ikely occur rence  (say -> 103-105), convec t ion  
aids r emova l  by a factor E which  is l inearly and inverse ly  
p ropor t iona l  to Pec le t  number ,  i.e. 
E - P e - '  [25] 
Thus,  all o ther  physical  and geomet r ica l  pa ramete rs  re- 
ma in ing  the  same, the  remova l  t ime is r educed  by a factor 
that  is l inear  in shear  stress So. In  a brush  cleaner,  the  
shear  stress may  be contro l led  th rough  the  rota t ional  
speed  of the  b rush  as well  as the  p rox imi ty  of  the  brush  
to the  surface to be  cleaned.  In a je t -spray apparatus ,  the  
dynamics  are more  complex ,  and d e p e n d  upon  the  j e t  ve- 
loci ty  and the  p rox imi ty  and or ienta t ion of the  je t  wi th  re- 
spect  to the  target  surface. The  ma themat i ca l  mode l  illus- 
t ra ted here  should  be useful  to those  conce rned  wi th  the  
design,  improvemen t ,  and ut i l izat ion of  c leaning systems,  
w h e n  used  in con junc t ion  wi th  appropr ia te  labora tory  
s tudies  of  the  c leaning of real surfaces. 
Conclusions 
A mathema t i ca l  mode l  has been  formula ted  wi th  which  
one can assess the  t ime scales associa ted wi th  r emova l  
(by convec t ion-a ided  diffusion and/or  by a neutra l iza t ion 
reaction) of  a chemica l  con taminan t  f rom a small  cavi ty  in 
surface. Ideal izat ions of the  geomet ry  make  solut ions 
possible  via re la t ively s imple  numer ica l  methods .  In  prin- 
ciple, more  c o m p l e x  geomet r ies  and externa l  flows could  
be  cons idered ,  bu t  at cons iderable  increase to the  cost  of 
computa t ion .  
For  a fluid hydrodynamica l ly  t rapped  wi th in  a cavity, 
bu t  capable  of  c i rcula t ion induced  by the  ex te rna l  
f lushing flow, the t ime  for remova l  of a diffusible  
con t aminan t  is s t rongly d e p e n d e n t  on c i rcula t ion wi th in  
the  cavity. The  degree  of  ef fec t iveness  of  circulat ion,  and 
the  ef fec t iveness  of  a neutral izat ion reaction,  can be as- 
sessed us ing  the  models  p resen ted  here. 
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L I S T  OF S Y M B O L S  
A aspec t  ratio (H/L) 
CT(CD)concentration of  toxic  (detoxifying) species 
(mol /cm 3) 
diffusivi ty  in the cavi ty l iquid  (cm2/s) 
D di lu t ion ratio (cavity vo lume/c lean ing  fluid vol- 
ume)  
E e n h a n c e m e n t  ratio 
E1 e n h a n c e m e n t  factor for chemica l  react ion 
H dep th  of  cavi ty (cm) 
k specific react ion rate (cm3/mol-s) 
K d imens ion less  react ion rate cons tant  
(kCwoL~/~) 
L length  of  cavi ty (cm) 
Pe  Pec le t  number ,  (SoL~/~) 
R concen t ra t ion  ratio (CDJCTo) 
Re Reyno lds  n u m b e r  (pucL/tD 
Sc S c h m i d t  n u m b e r  (~/DT) 
So shear  stress at y = A (dyn/cm2i 
t t ime  (s) 
u ve loc i ty  vec tor  (cm/s) 
Greek  Let ters  
t~ v iscos i ty  of  cavi ty  l iqu id  (poise) 
f ract ional  convers ion  
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Electroluminescence and Photoluminescence of GaAs in Aqueous 
Redox Electrolytes 
Franco Decker,* Milton Abramovich, and Paulo Motisuke 
Instituto de Fisica, UNICAMP, Campinas, Sao Paulo, Brazil 
A B S T R A C T  
Spec t ra l  reso lved  e l ec t ro luminescence  has been  observed  for n-GaAs in the  p resence  of  di f ferent  hole in jec t ing  
r edox  e lec t ro ly tes  f rom 0.8 to 1.25 t~m. P h o t o l u m i n e s c e n c e  spectra  were  obta ined for n-GaAs in the same electrolytes.  
L u m i n e s c e n c e  was observed  bo th  in bandgap  and subbandgap  energy  ranges.  The  p resence  of a deep  acceptor  level,  at- 
t r ibu ted  to Ga vacancies ,  is inferred.  Eff icient  charge  t ransfer  to this level  and/or  to the  va lence  band  can be  observed  
wi th  a sui table  choice  of  the  r edox  electrolyte.  
The  occur rence  of hole  in jec t ion  f rom a r edox  electro- 
lyte  into the  va lence  band  and/or  into an in t e rmed ia t e  
level  (deep level  and/or  surface state), of  a semiconduc t -  
ing e lec t rode  can be de tec ted  via e l ec t ro luminescence  
(EL). This  p h e n o m e n o n  has been  observed  wi th  the  one- 
e lec t ron  r edox  in jec t ing  e lec t ro lyte  Fe(CN)~ ~-14- for GaP 
(1, 2), and more  recent ly  for GaAs by Decker  et al. with  
the  couples  Fe2t/3+, Ce 3+/4+, Fe(CN)63-/4- (3). In  that  work,  
the  m e c h a n i s m  of hole  in jec t ion  was e luc ida ted  by the  
use  of the  rota t ing r ing-disk t e c h n i q u e  as wel l  as by elec- 
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cence. 
t ro luminescence .  Ring-disk  resul ts  that  are in exce l len t  
a g r e e m e n t  wi th  the  ones in Ref. (3) were  also pub l i shed  
by Menezes  and Miller (4). The  e l ec t ro luminescence  mea- 
su remen t s  repor ted  in Ref. (3) were  not  spectra l ly  re- 
so lved because  of  ins t rumenta l  l imitat ions.  The  p resen t  
publ ica t ion  is, therefore,  mos t ly  devo ted  to the  invest iga-  
t ion of  the  EL spectra up to 1.25 ~m, of  the  re la t ionship  
be tween  the spectra  and the  r edox  elect rolyte  used,  and 
to the  compar i son  with  pho to luminescence  (PL) spectra  
of GaAs. In te res t ing  compar i sons  can be m a d e  wi th  pre- 
v ious  works  on EL f rom GaAs (5) and f rom II-VI b inary  
and te rnary  c o m p o u n d s  (6-9). In  those  papers ,  the  in- 
j ec t ing  species  was a h ighly  act ive  in termedia te ,  l ike OH 9 
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or S O ( . ,  r e su l t i ng  f rom t he  r e d u c t i o n  of  p e r o x i d e  or per- 
sulfate.  T h e  energy- leve l  d i s t r i b u t i o n  of  s u c h  a n  i n j ec t i ng  
spec ies  is poor ly  def ined,  a n d  the re fo re  l i t t le  i n f o r m a t i o n  
on  t he  e n e r g y  level  a t  w h i c h  t he  ho le - in jec t ion  p roce s s  
t akes  p lace  can  be  e x t r a c t e d  f r o m  t he  spect ra .  U s i n g  one-  
e l ec t ron  r e d o x  coup le s  l ike Fe  2+/~+, Ce 3+~4+, Fe(CN)63-~*-, on  
the  con t ra ry ,  the  ene rge t i c  c o n d i t i o n s  for ho le  i n j ec t i on  
in to  t h e  v a l e n c e  b a n d  or in to  some  i n t e r m e d i a t e  level  of 
GaAs  can  be  ana lyzed  m o r e  carefully.  Moreover ,  t he  use  
of a r e d o x  ion  as a hole  i n j ec t i ng  spec ies  a l lows a s teady-  
s ta te  m e a s u r e m e n t  of  a n  EL s p e c t r u m ,  once  t h e  m a s s  
t r a n s p o r t  of  t he  e lec t ro ly te  to the  e lec t rode  sur face  is wel l  
def ined.  In  pract ice ,  t h i s  p r o c e d u r e  can  be  e m p l o y e d  
only  i f  t he  sur face  c o n d i t i o n s  of  the  e l ec t rode  do no t  
c h a n g e  too m u c h  d u r i n g  t he  m e a s u r e m e n t .  I f  d ras t i c  
c h a n g e s  occu r  (like f rom a n  ox ide -coa ted  to a hydr ide -  
c o a t e d  sur face)  q u e n c h i n g  of  r ad ia t ive  r e c o m b i n a t i o n  can  
take  p lace  and  a d i s t o r t ed  a n d  w e a k e r  s p e c t r u m  resul ts .  I t  
is t h e r e f o r e  ve ry  i m p o r t a n t  to con t ro l  t he  e l ec t rode  po ten-  
t ial  d u r i n g  EL m e a s u r e m e n t s ,  s ince  a d e q u a t e  e l ec t ron  
c o n c e n t r a t i o n  at  t he  s e m i c o n d u c t i n g  e l ec t rode  sur face  
has  to  be  m a i n t a i n e d .  At  t he  same  t ime,  s ide  r eac t i ons  
g iv ing  H2 evo lu t i on  h a v e  to b e  avoided.  
Very  large  ca thod ic  po ten t i a l s  can  i n d u c e  e i t he r  ho le  
i n j ec t i on  due  to h i g h  c o n c e n t r a t i o n  of  i n t e r m e d i a t e s  
(10, 11) or ion in j ec t ion  a n d  m i g r a t i o n  (12, 13) in to  the  
s e m i c o n d u c t i n g  e lec t rode .  B o t h  p h e n o m e n a  can  cause  lu- 
m i n e s c e n c e ;  h i g h  ca thod ic  po la r i za t ion  has  t h e r e f o r e  
b e e n  avo ided  in our  work  in o rde r  to conf ine  our  s t u d y  to 
EL r e s u l t i n g  f rom hole  i n j ec t i on  by  the  r e d o x  electro-  
lytes.  
Experimental Techniques 
Electroluminescence.--The use  of r e d o x  ions  in  low 
(10-3-10-2M) c o n c e n t r a t i o n  as t he  hole  i n j ec t i ng  spec ies  
r equ i r e s  an  eff ic ient  s t i r r ing  of  the  e lectrolyte ,  in  o rde r  to 
g u a r a n t e e  d i f fus ion-con t ro l l ed  hole  in j ec t ion  a n d  c u r r e n t  
h i g h  e n o u g h  to yield d e t e c t a b l e  EL signals .  In  Ref. (3) the  
ro t a t i ng  d i sk  t e c h n i q u e  was  u sed  in o rde r  to g u a r a n t e e  
eff ic ient  m a s s  t r a n s p o r t  and  c o n s t a n t  cur ren t .  Here ,  th i s  
t e c h n i q u e  is imprac t i c a l  b e c a u s e  t he  image  of the  ro t a t i ng  
e l ec t rode  on to  t he  s p e c t r o m e t e r  slit  is uns t ab l e ,  c aus ing  
f luc tua t ions  of the  de t ec t ed  EL signal.  S t i r r i ng  b y  m e a n s  
of  m a g n e t i c  s t i r -bars  or o the r  m e c h a n i c a l  dev ices  pro- 
duces  e n o r m o u s  osc i l la t ions  in  t he  ho le - in jec t ion  c u r r e n t  
a n d  t h e r e f o r e  in t he  EL i n t e n s i t y  as well. The  b e s t  con-  
f igura t ion  ha s  b e e n  f o u n d  to be  a n  e lec t ro ly te  j e t  im- 
p i n g i n g  on to  a s t a t i ona ry  e lec t rode ,  the  e lec t ro ly te  flux 
b e i n g  s u s t a i n e d  by  an  al l -Teflon ro ta ry  p u m p  t h a t  fills 
an  i n t e r m e d i a t e  r e se rvo i r  (Fig. 1). The  e lec t ro ly te  level  in  
GaAs TEFLON SPECTROMETER 
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Fig, 1 Top view of the experimental setup for photoluminescence and 
electroluminescence. The inset shows the electrode mounting in detail 
(side view). 
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th i s  r e se rvo i r  is c o n s t a n t l y  k e p t  - 1 0  cm h i g h e r  t h a n  t h a t  
in  t h e  m a i n  cell, to  w h i c h  t he  e lec t ro ly te  f lows s i m p l y  b y  
gravi ty.  EL  i n t e n s i t y  f luc tua t ions  of a few p e r c e n t  a n d  
even  smal l e r  c u r r e n t  osc i l la t ions  have  b e e n  a c h i e v e d  in 
th i s  way. The  GaAs  e lec t rode  is set  in  f ron t  of t he  nozzle  
(wi th  1-2 m m  separa t ion)  a n d  s ideways  to the  cell flat Py- 
r ex  window,  so t h a t  the  i m a g e  of its f ron t  edge  can  be  fo- 
c u s e d  on to  the  s p e c t r o m e t e r  slit. The  EL o r ig ina t ing  f rom 
the  f lat-crystal  sur face  e x p o s e d  in f ron t  of t he  nozzle  can  
also c o n t r i b u t e  to  the  s ignal  as long  as d e f o c u s i n g  is no t  
too severe.  The  opt ical  se tup  cons i s t s  of a co l l ec t ing  lens,  
a long  pass  filter w i t h  cu to f f  a t  0.7 ~m,  a S p e x  s p e c t r o m e -  
ter, a n d  a S-1 EMI p h o t o m u l t i p l i e r .  The  spec t r a l  sens i t iv-  
i ty of  t he  p h o t o m u l t i p l i e r  decays  ve ry  s t eep ly  for  
g rea t e r  t h a n  1.1/zm. C o n s e q u e n t l y ,  the  p h o t o m u l t i p l i e r  
re la t ive  spec t ra l  r e s p o n s e  was  c o m p a r e d  to t h a t  of  a flat 
p h o t o a c o u s t i c  p h o t o d e t e c t o r ,  a n d  c o r r e c t i o n  fac to rs  we re  
de r i ved  for  w a v e l e n g t h s  in  t he  r ange  0.7-1.25 ~m.  T h e  
p h o t o m u l t i p l i e r  was  coo led  w i th  l iqu id  air  in  o rde r  to 
a ch i eve  m a x i m u m  s ignal - to-noise  ratio. The  sli t  w i d t h s  of  
t he  s p e c t r o m e t e r  were  k e p t  at  1.0 m m  in  m o s t  exper i -  
m e n t s ,  w h i c h  b r i n g s  a spec t ra l  r e so lu t i on  of  16A at  X = 
1.0/zm. M e a s u r e m e n t s  of  EL for ~ g rea te r  t h a n  1.3 ~ m  
were  no t  poss ib l e  w i t h  t he  p r e s e n t  e x p e r i m e n t a l  s e t u p  
b o t h  b e c a u s e  of p h o t o m u l t i p l i e r  i n sens i t i v i t y  a n d  b e c a u s e  
of  s t r o n g  IR a b s o r p t i o n  in t he  a q u e o u s  e lect rolyte .  A dif- 
f e r en t  s e tup  will be  a s s e m b l e d  for EL m e a s u r e m e n t s  in  
th i s  IR region.  
The  e l ec t ron ic  a p p a r a t u s  cons i s t ed  of c o n v e n t i o n a l  
p o t e n t i o s t a t  and  p r o g r a m m e r ,  vo l tme te r ,  e l ec t rome te r ,  
a n d  a d o u b l e - p e n  s t r ip -cha r t  recorder .  T h e  E L  a n d  P L  
spec t r a  were  o b t a i n e d  by  d r iv ing  t he  s p e c t r o m e t e r  a t  t he  
c o n s t a n t  speed  of  5 A s-L The  e l e c t r o c h e m i c a l  cell  a n d  the  
r e se rvo i r  were  m a d e  of P y r e x  a n d  c o n n e c t e d  to each  
o the r  a n d  to t he  p u m p  by  T y g o n  tubes .  The  th ree -  
e l ec t rode  con f igu ra t ion  was  a lways  used,  a n d  all poten_- 
t ials  will be  r e fe r red  to the  s a t u r a t e d  ca lomel  r e f e r ence  
e l ec t rode  (RE). The  e lec t ro ly tes  were  p r e p a r e d  w i t h  t r ip ly  
d is t i l led  H20 a n d  w i t h  h i g h  p u r i t y  reagents .  The  p r e s e n c e  
of o x y g e n  d id  no t  affect  ou r  m e a s u r e m e n t s ;  the re fo re ,  it 
was  u n n e c e s s a r y  to deae ra te  the  e lec t ro ly tes .  
G r a p h i t e  was  u s e d  as t he  c o u n t e r e l e c t r o d e  (CE). A n  
n - G a A s  s a m p l e  f rom Lase r  Diode  C o m p a n y ,  d o p e d  w i th  a 
Si c o n c e n t r a t i o n  at  5 • 1017 c m  -3, was  u s e d  as t he  w o r k i n g  
e l ec t rode  (WE). The  o h m i c  con t ac t  was  o b t a i n e d  b y  t he  
e v a p o r a t i o n  of  S n  fo l lowed b y  a n n e a l i n g  u n d e r  N2 a tmos-  
p h e r e  d u r i n g  2 ra in  at  400~ The  s a m p l e  was  m o u n t e d  on  
a Tef lon  rod  (as s h o w n  in Fig. 1) w i t h  the  c ry t a l l og raph ic  
(100) face e x p o s e d  to t he  solut ion.  The  s e m i c o n d u c t o r  
su r face  was  e t c h e d  in H2SO4:H202 (1:1 b y  vo lume)  p r io r  to 
use .  
Photoluminescence.--The same setup described for EL 
was used for the PL measurements. The photoexcitation 
was made by means of a 3 mW He-Ne laser from Spectra 
Physics focused on GaAs front crystal edge. In this way, 
the same alignment for PL and EL could be used. 
Experimental Results 
Photoluminescence of GaAs.--PL of G a A s  in  air  or vac- 
u u m  h a s  b e e n  wide ly  s t ud i ed  for severa l  years ,  as  a func-  
t ion  of t e m p e r a t u r e ,  dop ing ,  a n d  va r ious  o the r  p a r a m e t e r s  
(14). I t  is wel l  k n o w n  tha t  h e a t - t r e a t m e n t s  a n d  sur face  
c o n t a m i n a t i o n  m a y  affect  PL.  First ,  we  ran  t he  pho to -  
l u m i n e s c e n c e  s p e c t r u m  at r o o m  t e m p e r a t u r e  a n d  in air  of 
GaAs  s a m p l e  as rece ived  f rom the  factory,  w i t h  mir ror -  
l ike sur face  f inishing.  The  s p e c t r u m  (not  c o r r e c t e d  for 
p h o t o m u l t i p l i e r  sens i t iv i ty)  is l abe l ed  as P L  ~ in  Fig. 2: a 
ve ry  s t r o n g  b a n d - t o - b a n d  t r a n s i t i o n  is o b s e r v e d  in 
0.87/zm, a n d  a w e a k e r  a n d  m u c h  b r o a d e r  b a n d  s h o w s  up  
a r o u n d  1.1 ~ m  (note t he  30-fold inc rease  in  sens i t i v i ty  in  
t he  IR region).  
PL and EL in Fe(CN)63- pH 13 . - -The  GaAs  e l ec t rode  
was  a s s e m b l e d  as p rev ious ly  shown,  e t ched ,  a n d  in t ro-  
d u c e d  in to  t h e  e l e c t r o c h e m i c a l  cell  filled w i t h  a 30 m M  
K3Fe(CN)6 + 0.1M KOH electrolyte .  Th i s  e lec t ro ly te  com- 
pos i t i on  was c h o s e n  b e c a u s e  it  is wel l  k n o w n  t h a t  
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z Fig. 2. Uncorrected photolumi- hi 
I -  nescence (solid lines) and electro- 
Z luminescence (dashed lines) spec- 
w tra of n-GoAs in air (PL ~ and in 
aqueous O.03M K3Fe(CN)6 + O. 1M 
Z 
w KOH electrolyte (PL and EL). Dur- 
ra ing PL, the GaAs electrode was 
uJ held at open circuit; during EL, at Z 
-- -1 .75V.  
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Fe(CN)63- injects  holes  into GaAs in alkal ine solut ions 
(3, 4, 15). The  P L  spec t rum (Fig. 2) was ob ta ined  wi th  no 
potent ia l  appl ied  to the  GaAs electrode.  This  spec t rum is 
vi r tual ly  ident ica l  to the  one obta ined  in air in the  band- 
to-band region,  and shows only minor  changes  in the  IR. 
It  is therefore  clear that  none  of the features  observed  in 
the  pho to luminescence  spectra  depends  on contac t  wi th  
the  electrolyte,  i.e., the  e lect rolyte  ions have  no specific 
effect  on PL. When potent ia l  is appl ied  to the  e lectrode,  
and the  laser swi tched  off, l uminescence  f rom the  elec- 
t rode  appears  as soon as a ca thodic  current  flows in the  
cell  (Fig. 3). At -1.75V, the EL in tens i ty  is m a x i m u m  and 
ve ry  s table in t ime  at all wave leng ths  (see Fig. 4). There-  
fore, a s teady-state  EL spec t rum (shown in Fig. 2) was ob- 
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Fig. 3. Current-potential curve for n-GaAs in aqueous 0.03M 
K~Fe(CN)6 + O. 1M KOH in the dark (lower part). The corresponding EL 
intensities recorded as a function of applied potential for two different 
wavelengths are shown in the upper part. Note the three-fold increase in 
sensitivity for EL in L = 1.1 /~m. The potential was swept at a constant 
rate of - 2 0  mV s -1. 
ra ined at a cons tant  -1 .75V potential .  In the  EL spec t rum 
both  bands  at 0.87 and 1.1/~m are observed;  however ,  the  
in tens i ty  of  the  0.87/~m band  is now m u c h  w e a k e r  than  
that  observed  in PL. A bet ter  analysis of  the PL and EL 
spectra  can be made  after mul t ip ly ing  the  measu red  in- 
tensi t ies  by the  correc t ion  factors and after normal iza t ion  
to the  same peak  he ight  at 0.87/~m. This  is shown in Fig. 
5. The  band- to-band r ecombina t ion  spec t rum in the  EL is 
b roader  than  in the PL  (see Table  I), which  is main ly  due  
to the  e n h a n c e m e n t  of  the  short  wave l eng th  side of  the  
peak. In  the IR region, the  emi t t ed  intensi t ies  level  off  in 
bo th  spectra;  however ,  the  ratio of this in tens i ty  to that  in 
0.87/~m is m u c h  larger  in the  EL spec t rum than  that  in 
PL. It is unfor tuna te  that  the  pho tomul t ip l i e r  is so insen- 
si t ive for wave leng ths  greater  than  1.25/~m and therefore  
that  the  long  wave leng th  tail  of  the  IR peak  cannot  be 
seen  wi th  this  expe r imen ta l  setup. A s t ruc ture  is seen at 
0.93/~m in EL, bu t  since it d id  not  appear  in all EL mea- 
surements ,  we shall not  d iscuss  it. 
The  comple te  d e p e n d e n c e  of  EL wi th  e lec t rode  poten-  
tial at cons tan t  wave leng th  is shown in Fig. 3. EL appears  
~ 20 
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Fig. 4. Time dependence of PL (solid lines) and EL (dashed lines) of 
n-GaAs in 0.03M K3Fe(CN)6 + 0.1M KOH and in 0.03M Ce(SO4)2 + 
1.0M H2SO4. Att = 0, either the laser was switched on (PL), or the elec- 
trode potential was stepped from 0 to - I . 7 5 V  (EL). 
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Fig. 5. p/(solid line) and EL (dashed line) spectra of n-GaAs after 
correction for photomultiplier efficiency and normalization to the same 
peak height in 0.87/~m. Electrolyte and polarization conditions are the 
same as in Fig. 2. 
on ly  w i t h  ca thod ic  cu r ren t s ,  s t a r t ing  for V < -1 .0V.  Th i s  
is in  a g r e e m e n t  w i th  p r e v i o u s  o b s e r v a t i o n s  (3), w h i c h  
we re  conf ined ,  howeve r ,  to ~ < 0.9 ~m. Fo r  p o t e n t i a l s  
m o r e  ca thod i c  t h a n  -1 .8V,  EL at  }, = 0.87 ~ m  is q u e n c h e d  
a b r u p t l y  whi l e  EL at  X = 1.1 ~ m  decays  s lowly  a n d  even-  
tua l ly  b e c o m e s  cons tan t .  
PL and  EL in Fe 3+ and Ce 4+, pH 0 . - -E lec t ro ly te s  w i t h  
0.03M Fe  3+ or 0.03M Ce 4+ in  1.0M H2SO4 were  u s e d  b e c a u s e  
t he  e q u i l i b r i u m  po ten t i a l s  of  t h e s e  coup les  are loca ted  ei- 
t h e r  in  t he  GaAs  b a n d g a p  (Fe 2+/3+) or over lap  w i t h  t he  
G a A s  v a l e n c e  b a n d  (Ce3+/4+). 
A n u m b e r  of  e x p e r i m e n t a l  diff icul t ies  arise,  howeve r ,  
in  acid e lec t ro ly tes .  A l t h o u g h  t he  po t en t i a l  d e p e n d e n c e  of  
P L  a n d  EL was  o b s e r v e d  to be  s imi la r  to t h a t  o b s e r v e d  at 
pH 13 (wi th  t he  e x c e p t i o n  of  a 0.6V shi f t  in  t h e  o n s e t  of  
EL), no  e l ec t rode  po t en t i a l  cou ld  be  f o u n d  at w h i c h  EL 
w o u l d  be  s tab le  d u r i n g  the  t ime  r equ i r ed  to m e a s u r e  a 
c o m p l e t e  s p e c t r u m .  P L  in t ens i t i e s  at  f ixed w a v e l e n g t h  
a n d  p o t e n t i a l  dec rease  w i th  t ime,  con t r a ry  to w h a t  occurs  
in  0.1M KOH. The  va r i a t i on  of P L  a n d  EL i n t ens i t i e s  w i th  
t i m e  are s h o w n  in  Fig. 4 for Ce 4+ and  Fe  (CN)63 . A n  ex- 
c h a n g e  of  Ce 4+ b y  Fe  3§ s h o w e d  a s imi la r  dec rea se  in P L  
a n d  EL in t ens i t i e s  w i th  t ime.  
I t  b e c a m e  clear  to us  t h a t  p h o t o c o r r o s i o n  t akes  p lace  at  
t h e  l ase r  spo t  on  t he  GaAs  e lec t rode  a n d  t he  co r ros ion  
p r o d u c t s  are  no t  d i s so lved  qu i ck l y  e n o u g h  at  p H  0. Corro-  
s ion p r o d u c t s  l ike  ga l l ium ox ides  are p r o b a b l y  left  on  t he  
sur face  [see also Ref. (16)], r e su l t i ng  in P L  q u e n c h i n g .  In  
fact,  m o v i n g  t he  laser  spo t  to a n o t h e r  r eg ion  of  t he  elec- 
t r o d e  r e s to re s  t he  in i t ia l  i n t ens i t y  of PL.  
In  o rde r  to m e a s u r e  EL, we h a d  to app ly  t he  s ame  tech-  
n i q u e  p r e v i o u s l y  e m p l o y e d  b y  Ellis et al. (6, 7) w h i c h  con- 
s is ts  in  s h o r t  (2s) fo rward-b ias  pu l ses  a l t e r n a t e d  by  longe r  
(20s) t i m e  in te rva l s  in  w h i c h  the  GaAs-e lec t ro ly te  j unc -  
t ion  is r eve r s e  biased.  At  the  s ame  t ime,  t he  s p e c t r o m e t e r  
was  d r i v e n  at  c o n s t a n t  speed.  T he  two EL spect ra ,  rela- 
t ive  to Fe  3+ or Ce ~+ ions  in  t he  s ame  1M H2SO4 s u p p o r t  
Table I. Characteristics of the luminescence spectra of n-GaAs grown 
from the melt in the bandgap region (first two columns) and ratios be- 
tween the luminescence intensities, corrected by photomultiplier 
efficiency, at 0.87 and 1.1 /~m (third column) 
Io.s7 Peak position Bandwith - -  
FWHM (~) I,,  
PL ~ in air 8700 343 6.24 
PL in K3Fe(CN) 6 + KOH 8700 345 6.71 
EL in KaFe(CN) 6 + KOH 8680 392 0.30 
EL in Ce(SO4)2 + H2SO4 8680 390 0.35 
EL in Fe2(SO4)3 + H2SO4 8660 408 0.06 
e lect rolyte ,  are s h o w n  in Fig. 6. I t  is i m p o r t a n t  to no t ice  
t h a t  t h e  spec t r a  were  o b t a i n e d  one  af ter  the  o the r  w i t h o u t  
r e m o v i n g  e i the r  the  cell or the  e lect rode.  The  r e d o x  elec- 
t ro ly te  was  subs t i t u t ed ,  a n d  o the rwi se  the  s ame  exper i -  
m e n t a l  c o n d i t i o n s  were  m a i n t a i n e d ,  so t h a t  t he  EL in ten-  
s i t ies  of  b o t h  spec t ra  can  be  d i rec t ly  c o m p a r e d .  The  
fo l lowing  r e m a r k s  are i m p o r t a n t :  (i) t he  EL wi th  Ce 4+ is 
m o r e  i n t e n s e  t h a n  t h a t  w i th  Fe  3§ by  a fac tor  of  10 in 
0.87 ~ m  a n d  b y  a fac tor  of on ly  2.2 in  1.1 ~ m  (note  the  dif- 
f e r en t  scales  in  w h i c h  EL in t ens i t i e s  for Fe  3§ a n d  for Ce 4+ 
are s h o w n  in Fig. 6) a n d  (ii) in  t he  Fe  3+ EL s p e c t r u m ,  the  
IR p e a k  is m o r e  i n t e n s e  t h a n  t he  p e a k  in 0.87 ~m.  
The  m o r e  r e l evan t  da ta  f rom P L  a n d  EL spec t r a  in  the  
t h r e e  e lec t ro ly te  are s u m m a r i z e d  in Tab le  I. 
Discussion and Conclusions 
T h e  P L  a n d  EL spec t r a  give a va luab l e  i n s i g h t  in to  pro- 
cesses  r e l a t ed  to r ad ia t ive  r e c o m b i n a t i o n  a n d  cha rge  
t r a n s f e r  across  t he  s e m i c o n d u c t o r - e l e c t r o l y t e  in ter face .  
The  b a n d - t o - b a n d  r e c o m b i n a t i o n  e m i s s i o n  s p e c t r u m  of  
t he  n - G a A s  w i t h  m a x i m u m  at  -0 .87  ~ m  is o b s e r v e d  in  P L  
as wel l  as in  EL, b u t  in  t he  l a t t e r  the  s p e c t r u m  a p p e a r s  
s l ight ly  b r o a d e r  a n d  its peak  is sh i f t ed  to s h o r t e r  
w a v e l e n g t h ,  as s h o w n  in  Fig. 5 a n d  Tab le  I. S ince  th i s  
b r o a d e n i n g  occurs  a l m o s t  exc lus ive ly  in  t he  h i g h  e n e r g y  
tai l  we a t t r i b u t e  the  d i f fe rence  to se l f - abso rp t ion  effects,  
i.e., on  average,  EL is p r o d u c e d  n e a r e r  to t he  GaAs-  
e lec t ro ly te  in t e r face  t h a n  PL.  S imi la r  c o n c l u s i o n s  a b o u t  
EL spec t r a  b r o a d e n i n g  were  d r a w n  b y  Ell is  et al. (6); t h e y  
c o m p a r e d  EL a n d  P L  spec t r a  of  c a d m i u m - s u l f o - s e l e n i d e  
e lec t rodes .  This  c o n c l u s i o n  is va l id  for  any  ma te r i a l  
w h e r e  t he  p e n e t r a t i o n  d e p t h  ~-~ of  t he  exc i t i ng  p h o t o n s  is 
of  t he  s a m e  order ,  or g rea te r  t h a n  t he  d i f fus ion  l e n g t h  L 
of t he  i n j ec t ed  m i n o r i t y  carr iers .  In  par t icu la r ,  for  n - G a A s  
a-1 is -0 .3  ~ m  (at s = 0.63 ~m)  a n d  Lp is of  t he  s a m e  o rde r  
of  m a g n i t u d e ,  as long  as the  ho le  l i fe t ime  is in  t he  o rde r  of  
10-gs. The  las t  h y p o t h e s i s  was  no t  e x p e r i m e n t a l l y  
c o n f i r m e d  he re  b u t  can  be  t a k e n  as r easonab le ,  s ince  at  
t he  s e m i c o n d u c t o r - e l e c t r o l y t e  in t e r f ace  t he  sur face  
r e c o m b i n a t i o n  ve loc i ty  is h i g h  (17). 
The  s u b b a n d g a p  e m i s s i o n  b a n d s  w i th  i ts m a x i m u m  at  
- 1 . 1 ~ m ,  u n c o r r e c t e d  to p h o t o m u l t i p l i e r  spec t r a l  re- 
sponse ,  are  also o b s e r v e d  in  P L  a n d  EL on  s a m p l e s  
g r o w n  f rom the  melt .  However ,  s a m p l e s  g r o w n  b y  us  by  
l iqu id  p h a s e  ep i t ax ia l  (LPE)  t e c h n i q u e  s h o w e d  no meas-  
u r a b l e  P L  s ignal  in  th i s  s u b b a n d g a p  spec t r a l  region,  al- 
t h o u g h  a s imi la r  laser  b e a m  was  u s e d  to i n d u c e  b a n d g a p  
e m i s s i o n  of  the  s a m e  i n t e n s i t y  as above.  B o t h  L P E  a n d  
m e l t - g r o w n  samp le s  are d o p e d  on ly  w i th  Si. However ,  t he  
L P E  s a m p l e s  have  a lower  dens i t y  of  defects ,  in  par t i cu-  
lar Ga vacanc ies ,  t h a n  the  crys ta ls  g r o w n  f r o m  the  melt .  
S ince  t h e r e  is a good  a g r e e m e n t  b e t w e e n  t he  ene rge t i c  
pos i t i on  of the  s u b b a n d g a p  p e a k  o b s e r v e d  b y  us  w i t h  t h a t  
c i ted  in t he  l i t e ra tu re  on  p h o t o l u m i n e s c e n c e  of  GaAs  (18), 
we a t t r i b u t e  t he  1.1 ~ m  e m i s s i o n  b a n d  to r ad ia t ive  t rans i -  
t i on  f rom sha l low d o n o r  s ta tes  to deep  accep to r  s t a tes  
c r ea t ed  by  ga l l ium vacanc ies .  In  t he  fol lowing,  on ly  
n -GaAs  g r o w n  f rom the  me l t  will  be  cons ide red .  As 
s h o w n  in Fig. 2, t he  spec t ra  of  P L  wi th  the  s a m p l e  im- 
m e r s e d  in  e lec t ro ly te  or in  air  are a l m o s t  ident ica l ,  i.e., t he  
e lec t ro ly te  ions  h a v e  no  specif ic  ef fec t  on  PL.  However ,  
t he  overa l l  i n t ens i t i e s  in EL as wel l  as in  P L  m a y  d e c r e a s e  
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Fig. 6. Uncorrected EL spectra of n-GaAs in 0.01M Fe2(504)3 + 1.0M H2SO4 and in O.03M C e ( S O 4 )  2 = 1.0M H2SO4. The electrode potential was 
continuously pulsed between 0 (20s) and - 1.75V (2s), while the emission spectrum was scanned at 5 ~ s -1. Note the tenfold increase in sensitivity in 
order to record the spectrum in the Fe2(SO4)3 electrolyte. 
in  t ime,  w i t h  a t i m e  c o n s t a n t  d e p e n d i n g  on  t he  e lec t ro ly te  
c o m p o s i t i o n  (see Fig. 4). T he  p h o t o l u m i n e s c e n c e  
q u e n c h i n g  in the  p r e s e n c e  of  t he  e lec t ro ly te  was  a t t r ib-  
u t e d  to e l ec t rode - su r face  d e g r a d a t i o n  d u e  to pho toco r -  
ros ion  effects,  wh ich ,  in  fact,  c an  be  o b s e r v e d  w i t h  t h e  na- 
ked  eye. 
The  m o s t  r e m a r k a b l e  d i f f e rence  b e t w e e n  P L  a n d  EL 
s p e c t r a  is t h e  va r i a t i on  of  t h e  ra t io  b e t w e e n  the  near-  
b a n d g a p  e m i s s i o n  p e a k  i n t e n s i t y  to t he  s u b b a n d g a p  
e m i s s i o n  i n t e n s i t y  (Io.sT/I,.,). As s h o w n  in Fig. 5 a n d  Tab le  
I, t h i s  ra t io  is smal le r  by  a fac tor  of 22 in EL t h a n  P L  
w h e n  t he  e lec t ro ly te  is a so lu t ion  of Ks Fe(CN)~ + KOH, 
a n d  b y  a fac tor  of  78 w h e n  t he  e lec t ro ly te  is c h a n g e d  to 
Fe2(SOD3 + H2SO4. This  va r i a t i on  can  be  due  to one  or 
m o r e  of  t he  fol lowing:  
1. T h e  d e n s i t y  of  t he  a c c e p t o r  c en t e r s  is h i g h e r  in  t he  
r eg ion  n e a r  to the  GaAs-e lec t ro ly te  in terface .  G a l l i u m  va- 
cancies ,  in  par t i cu la r ,  m a y  h a v e  h i g h e r  d e n s i t y  c loser  to 
t he  su r face  as a c o n s e q u e n c e  of  cor ros ive  r e a c t i o n s  t a k i n g  
p lace  at  t he  in ter face .  
2. T h e  b a n d - t o - b a n d  r ad ia t ive  t r a n s i t i o n  is q u e n c h e d  by  
a m o r e  c o m p e t i t i v e  n o n r a d i a t i v e  r e c o m b i n a t i o n  at  t he  
G a A s  e lec t ro ly te  surface.  
3. The  e l ec t ron - t r ans fe r  ra te  is la rger  at  t he  in t ra-  
b a n d g a p  s ta te  e n e r g y  (gal l ium v a c a n c y  s ta te)  t h a n  at  the  
v a l e n c e  b a n d e d g e  energy.  We shal l  d i scuss  th i s  po in t  in  
t he  fol lowing.  
A n  e n e r g y - b a n d  d i a g r a m  is s k e t c h e d  in  Fig. 7 for  t h e  
s e m i c o n d u c t o r - e l e c t r o l y t e  in te r face ,  t a k i n g  as 0.3 eV the  
d i s t a n c e  of the  accep to r  level  (E,NT) f rom t he  v a l e n c e  
b a n d e d g e  (EvB) of  GaAs.  Th i s  va lue  is in  a g r e e m e n t  b o t h  
w i th  the  k n o w n  e n e r g y  pos i t i on  of ga l l i um v a c a n c i e s  a n d  
wi th  our  co r r ec t ed  P L  a n d  EL spec t ra ,  w h i c h  s h o w  a 
m a x i m u m  a r o u n d  1.2 ~ m  (Fig. 5). In  t he  e lec t ro ly te  side,  
t he  u n o c c u p i e d  e n e r g y  leve ls  of Fe  3+ a n d  Ce 4+ are  de-  
p i c t ed  as g a u s s i a n  d i s t r i b u t i o n s  t h a t  h a v e  t h e i r  m a x i m u m  
at  a n  e n e r g y  ER a b o v e  t h e  F e r m i  level  of  the  c o u p l e  ( t aken  
as t he  r e d o x  potent ia l ) .  T he  r e a r r a n g e m e n t  e n e r g y  ER is 
--1.2 a n d  - 1 . 5  eV for  t h e  Fe  3+ a n d  for  Ce 4+, r espec t ive ly ,  
(19). The  p r o p e r  m a t c h i n g  b e t w e e n  e l ec t rodes  a n d  elec- 
trolyte energy levels is obtained knowing the flatband 
potential of GaAs, which nearly coincides with the con- 
duction bandedge EcB in our n-type samples. The value of 
-0.5 eV vs. NHE (pH = 0) was chosen for EcB, in agree- 
ment with data from the literature (3, 4, 20). The unoccu- 
pied energy levels of Fe(CN)63- could also be included in 
the diagram, provided the shift with pH of the GaAs en- 
ergy levels is taken into account. For the sake of simplic- 
ity, however, we shall consider in Fig. 7 only the energy 
level distributions corresponding to the Fe 3+ and Ce 4+ 
ions. Due to the redox potentials of the two couples, Ce 4+ 
should easily inject holes into the valence band of GaAs, 
but Fe ~+ should not. This was indeed confirmed by previ- 
ous work (3, 4). Here, we did observe bandgap lumines- 
cence with Fe 3+, although ten times weaker than with 
Ce 4+ (Fig. 6). Bandgap luminescence indicates unequivo- 
cally hole injection into the valence band. This can be at- 
tributed either to an underpotential reduction of Fe 3+ by 
valence-band electrons and/or to an upper shift of the 
GaAs bandedges during the -1.75V potential pulse used 
in the present EL measurements. This pulse technique 
differs from the potential sweep technique used previ- 
ously by Decker et al. (3), allowing higher EL intensities. 
From the EL measurements, and from Fig. 7, we con- 
clude: 
i. Fe (CN)63-, Ce 4+, and Fe 3+ inject holes both into the 
valence band and into the intra-bandgap state. 
2. The ratio Io.s7/I,, falls from 0.3 [Ce 4+, Fe(CN) 3-] to 0.08 
(Fe3+), indicating that the Fe 3+ injects holes less effi- 
ciently into the valence band than the other electroactive 
species do. 
3. The rate of hole injection for Ce 4+ and Fe(CN)63- is 
comparable; for Fe 3+ this rate is lower, both at E,NT and at 
EVB. 
Since the energy-level distribution in the electrolyte is 
very broad, a good overlap of both the deep level and the 
valence band with empty levels in the electrolyte occurs. 
Consequently, the electron transfer from the semicon- 
ductor to the redox ion can occur isoenergetically, the ini- 
tial state being either at the valence bandedge or in the 
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Fig. 7. Energy band diagram for the n-GaAs/redo:~ electrolyte inter- 
face. In the semiconductor, the dashed areas represellt filled states. EcB 
and EVB indicate the conduction and the valence ban Jedges; EINT is the 
energy of the deep level attributed to Ga vacancies. In the electrolyte, 
the solid and dashed parabolas represent the energy-level distribution of 
the empty Ce 4+ and Fe 3+ states, respectively. Eo represents the standard 
redox potentials, and ER represents the so-called rrarrangement energy 
for the redox couples. The following symbols are used to illustrate the 
electron transfer across the semiconductor~electrolyte interface. Filled 
dots: initial states. Open dots: final states. The vertical arrows in the 
GaAs indicate the radiative transitions taking place in the semicon- 
ductor after the electron transfer has occurred. 
deep intra-bandgap level. In fact, the energy level model 
for the semiconductor-electrolyte interface (21) assumes 
isoenergetic charge transfer, since negligible phonon 
emission during electron transfer is expected (22). For a 
single level E, the charge transfer rate is proportional to 
the density of occupied states in the solid and of unoccu- 
pied states in the electrolyte. One can see from Fig. 7 that 
the density of empty states in the electrolyte is larger at 
E~N~ than at EvB. The electron transfer at E~NT is then 
kinetically favored, unless the density of states at the val- 
ence bandedge overwhelms the density of states at the 
intra-bandgap level. The small ratios Io.sT/Ii.~ we observed 
in electroluminescence indicate, indeed, high charge 
transfer rate at EZNT. Our experiments with Fe ~+ and Ce 4+ 
in H2SO4 indicate also that the competition between 
charge transfer to the intra-bandgap state and charge 
transfer to the valence band is regulated by the redox po- 
tential of the couple. As a general conclusion, electrolumi- 
nescence in aqueous redox electrolytes is a technique 
sensitive per se to the presence of intra-bandgap states. 
This conclusion agrees well with previous results of EL 
measurements on GaP (1). 
Finally, the charge transfer from the conduction band 
of GaAs cannot be excluded. In fact, Fig. 7 shows that the 
capture of conduction-band electrons can also occur at a 
high rate without violation of the principle of isoenergetic 
charge transfer. Indeed, simultaneous charge transfer to 
distinct energy levels is unavoidable with small bandgap 
semiconducting electrodes in the presence of aqueous re- 
dox electrolytes. 
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